light-cured composite resins were exposed to a narrow-band light at a constant quantum number using a narrow-band interference filter.
INTRODUCTION
The disadvantages of chemically cured resins are the lengthy working and setting times that can not be controlled by the clinician, and bubbles introduced when mixing the pastes. Therefore, light-curing has been introduced for dental materials other than restorative resin composites, including fissure sealants1), dentin primers2,3), bonding agents2-4), resin cements5,6), dual-cured luting cements7,8), resin modified glassionomers9,10) and resin composites for core building11).
Since the polymerization of light-cured resin depends on the capability of the light unit, the efficiency of the radiation source for photopolymerization has become increasingly important.
The majority of light-activated composite materials contain the same catalyst system, and a light source developed for any one composite material may be equally suitable for any other material. However, differences in the composition of materials and in light characteristics of light units, result in significant variations of performance. 
MATERIALS AND METHODS
Experimental light-cured composite The resin used for the conversion measurements was obtained from 60mol% bisphenol-A-glycidyl dimethacrylate (BisGMA, Polysciences, Inc., Warrington, USA) and 40mol% triethyleneglycol dimethacrylate (TEGDMA, Shin-nakamura Chemical Co., Wakayama, Japan).
To make the resin light-curing, 1.0mol% of camphorquinone (CQ, Tokyo Chemical Industry, Co., Ltd., Tokyo, Japan) and 1.0mol% 2-dimethylamino ethylmethacrylate (DMAEMA, Wako Pure Chemical Industry, Osaka, Japan) were dissolved in the monomer mixture; 50wt% of the quartz filler (Fuselex X, Tatsumori Ltd., Tokyo, Japan) treated with silane coupling agents was mixed with the monomer mixture.
Light-curing unit and curing light A commercially available light-curing unit (New GC Light VL-II , GC Corp., Tokyo, Japan) was used as the visible light-curing unit. This unit was selected because the light intensity was constant with time25). The filters fitted in the curing unit were removed. The light intensity was measured with a radiometer (LI-190S, Li-Cor Inc., Lincoln, NE, USA) and expressed as the number of quantums.
The narrow-band interference filters 42, 43, 45, 47, 49, 51, 53, 55, Toshiba glass, Tokyo, Japan) and the neutral density filters 30, 50, 70 , Toshiba glass, Tokyo, Japan) were used for selection of the light wavelength. Narrow-band interference filters had a band-width at half the peak transmission of only about 10 nm. The typical characteristics of these filters are shown in Fig. 1 . When the results were displayed, the wavelength of maximal transmission in each interference filter was used. Neutral density filters were used to reduce the intensity of radiation to 10, 30, 50 or 70% of its original value and thus extend the measuring range to accommodate the high levels of illumination. At 24h from the end of the irradiation period, the infrared (IR) spectra of the specimens were recorded by a Fourier transform infrared spectrometer (JIR-100, JEOL Co., Ltd., Tokyo, Japan). IR spectra were measured to evaluate the quantities of carbon-carbon double bonds remaining in the specimens. In these IR spectra, two absorbance peaks appeared in the range 1600-1650cm-1. Degree of conversion (DC) and polymerization conversion (PC) were calculated using the following equations:
Where the intensities a-e are defined as follows:
a: C=C absorbance peak at 1637cm-1 of resin pastes; Absorption spectra The absorption spectra of CQ and the CQ-DMAEMA mixture were measured in methanol and BisGMA/TEGDMA (6/4) unfilled resin with a UV-visible spectrophotometer (UV-160, Shimadzu Co., Kyoto, Japan). The CQ/DMAEMA ratios measured were 1/0.25, 1/0.5, 1/1 and 1/2.
RESULTS
Absorption spectra Fig. 3 shows the absorption spectrum of the CQ in methanol. The absorption maximum for the CQ was at 467nm.
This diketone compound has a broad absorption band on the side of the shorter wavelength. The absorption spectrum of the CQ/ DMAEMA mixture did not differ from that of the CQ, although absorbance at a wavelength between 430 and 490nm was slightly decreased by DMAEMA. In the solvent BisGMA/TEGDMA unfilled resin, the absorption spectrum of the CQ and the CQ/DMAEMA did not differ from that of CQ in methanol.
Degree of conversion and polymerization conversion The values of DC are shown in Table 1 . Fig. 4 shows the DC as a function of light wavelength for each irradiation time. At 5s irradiation, the longer the wavelength was beyond 410nm, the higher the DC obtained. At 470nm, the maximum of DC was exhibited, then DC decreased with the wavelength. The relationship between DC and light wavelength were approximated by the absorption spectrum of CQ. With increasing irradiation time, the wavelength of maximal DC did not change. The DC at each wavelength approached the DC at 470nm under each irradiation condition. The components of the experimental composite resin were CQ, and DMAEMA as amine, although only CQ absorbs light. Because the commercially available visible light-cured composite resins contained CQ and amine as a catalyst.
At 5s irradiation, both DC and PC were affected by the light wavelength, and the relationship between DC and light wavelength and between PC and light wavelength were adequately approximated by the absorption spectrum of CQ. With increasing irradiation time, the influences of light wavelength on DC and PC were gradually reduced. DC and PC at each wavelength approached the DC and PC at 470 nm under each condition. Since it is necessary that CQ absorbs light and is excited in order to initiate polymerizatioa26,28), the absorbance of CQ effects polymerization during its initial stage. Therefore the DC and PC were influenced by wavelength at a slight exposure such as 5s irradiation.
The effect of wavelength on polymerization decreased with increasing exposure. In the field of photography, the sensitivities of films to monochromatic light, i.e., spectral sensitivity curves, have been reported in addition to the absorption spectra29). Films were exposed to a constant level of monochromatic light and were developed. The degree of exposure of the films was evaluated using a densitometer. Although the spectral sensitivity curves were approximated to the corresponding absorption spectrum, some spectral sensitivity curves were broader than the corresponding absorption spectrum. Consequently, the spectral sensitivity curve of CQ might be broad band compared to the absorption spectrum of CQ, and spread toward 550nm. This would be the reason why the resin cured when using the 550nm of interference filter.
When the total amount of exposure, represented by the product of the light intensity and the irradiation time, was constant, the depth of cure and the distributions of DC and PC were the same regardless of the light intensity or irradiation time25). Photopolymerization should be considered not only with the intensity of light but also with the amount of exposure. Thus, the relationship between DC or PC and the light quantum number was examined. Figs. 6 and 7 show the DC and PC as a function of logarithm of the amount of light quantum, respectively. For each wavelength, the DC and PC can be expressed as a function of logarithm of the amount of light quantum number by a polynominal. The polynominals in the 450-490nm wavelength range were approximated but were different from those at other wavelengths. The difference of polynominals might be due to the difference in the rate-determining step in polymerization. The intercepts on the abscissa on each polynominal were approximately constant in the 450-490nm wavelength range.
At other wavelengths, the longer the wavelength was beyond 490nm, the greater the intercept.
This might suggest that the longer the wavelength was beyond 490nm, the lower the probability of exciting CQ. Fig.  8 and Fig.  9 , respectively. In the 410 to 490nm wavelength range absorbed by CQ, DC and PC can be expressed as a function of logarithm of exposure enerey by the polynominal equations y=0.0295x5-2.1277x4+61.004x3-869.9x2+6168.5x-17328 (R2=0.9056), y=0. 0743x5-5.1716x4+142.99x3-1963.7x2+13396x-36218 (R2=0.8602), respectively. These correlations in the 450-490nm range were better than those in the 410-490nm range, and the squares of multiple correlations were 0.9785 and 0.9779, respectively. At other wavelengths, each relationship was determined for each wavelength. This suggested that in the wavelength range absorbed by CQ, especially in 450-490nm, the polymerization of light-cured resin was related to the exposure energy rather than to the wavelength.
To confirm this hypothesis, the exposure energy was kept constant and the effect of wavelength on DC was investigated in the same manner. The energy of light was measured using a radiometer (LI-200S, Li-Cor Inc., Lincoln, NE, USA). The energy through a narrow-band interference filter and a neutral density filter was adjusted at 900mW/m2. Since the sensitivity of this radiometer is dependent on the wavelength, it was necessary to correct the value. The film specimens were prepared, the IR spectra were measured and DC were calculated according to the procedures previously described. These results are shown in Fig. 10 . At 10s irradiation, the specimen was not cured at 420nm, and the longer the wavelength was beyond 430nm, the higher the DC. At 450, 470 and 490nm, DC was kept constant. With increasing irradiation time, 
